based study of the occurrence of knee and hip osteoarthritis in African American and Caucasian residents, aged 45 years and 1 0 0 above from Johnston County, North Carolina in the US. A total of 3,068 individuals were recruited at baseline. A detailed 1 0 1 description of the cohort has been reported 34 . Discovery cohort -UK Biobank: We used a bespoke pain-related questionnaire adapted by the UK Biobank, which included the 1 0 6 question: 'in the last month have you experienced any of the following that interfered with your usual activities?'. The options were: 1 0 7 1. Headache; 2. Facial pain; 3. Neck or shoulder pain; 4. Back pain; 5. Stomach or abdominal pain; 6. Hip pain; 7. Knee pain; 8. Pain all over the body; 9. None of the above; 10. Prefer not to say. More than one option could be selected. (UK Biobank 1 0 9
Questionnaire field ID: 6159)
The knee pain cases in this study were those who selected the 'knee pain' option for the above question, regardless of whether 1 1 1 they had selected other options. The controls in this study were those who selected the 'None of the above' option. Cases were defined as those self-reported having been diagnosed or treated for osteoarthritis. Controls were defined as those self-reporting as having not been diagnosed or treated for osteoarthritis. The cohort included 253,880 cases and 1,286,245 controls. Cases: Knee osteoarthritis was evaluated with fixed-flexion posteroanterior radiographs for OAI samples and for JoCo participants, 1 2 0 weight-bearing anteroposterior extended radiographs were taken during initial recruitments and fixed-flexion posteroanterior 1 2 1 radiographs were taken during follow up. Cases were those with definitive knee osteoarthritis, defined as radiographic evidence of 1 2 2 the presence of definite osteophytes and possible joint space narrowing (Kellgren-Lawrence grade ≥ 2) or total joint replacement in 1 2 3 one or both knees. Controls were those having no or doubtful evidence of OA (KL grade = 0 or 1) in both knees at all available 1 2 4 time points. These definitions were previously used by Yau et al 28 . In the current study, there were 2,672 cases (2,014 from OAI and 658 from 1 2 6 JoCo) and 1,776 controls (953 from OAI and 823 from JoCo). GWAS analysis: In the discovery stage, the BGENIE (https://jmarchini.org/bgenie/) was used as the main GWAS software recommended by the UK Biobank. Routine QC steps included removal of single nucleotide polymorphism (SNPs) with INFO scores 1 3 0 less than 0.1, SNPs with minor allele frequency less than 0.5%, or SNPs that failed Hardy-Weinberg tests (P < 10 -6 ). SNPs on the X 1 3 1 and Y chromosomes and mitochondrial SNPs were also removed. We further removed data from individuals whose ancestry was 1 3 2 not white British based on principal component analysis, those who were related to at least one other participant in the cohort (a 1 3 3 cut-off value of 0.025 in the generation of the genetic relationship matrix), and those who failed QC. Association tests based on 1 3 4 standard Frequentist association were performed using BGENIE adjusting for age, sex, body mass index (BMI), 9 population 1 3 5 principal components, genotyping arrays, and assessment centres. A Chi-square test was used to test for gender differences 1 3 6 between cases and controls. Age and BMI were compared using independent t testing in IBM SPSS 22 (IBM Corporation, New 1 3 7 York). A P value less than 5 x 10 -8 was considered to indicate a significant association. Independent SNPs were defined as those In the replication stage, details of the identified significant and independent SNPs associated with knee pain in the discovery stage were sent to 23andMe Inc and the combined OAI and JoCo cohorts. The significant and independent SNPs were defined as those restricted to a set of individuals who had >97% European ancestry, as determined through an analysis of local ancestry. A maximal 1 4 8 set of unrelated individuals was chosen for the GWAS analysis using a segmental identity-by-descent (IBD) estimation algorithm.
4 9
Further details can be found in the supplementary file of a previous publication 33 .
1 5 0
OAI and JoCo performed GWAS on radiographic knee osteoarthritis using logistic regression assuming an additive genetic model 1 5 1 for allelic effects adjusting for age, sex, study site, and principal components. Summary statistics from both cohorts were then 1 5 2 combined in a meta-analysis. Only participants of Caucasian origin were included in the GWAS study. Standard procedures were 1 5 3 used to remove data from non-Caucasian individuals and related individuals. Further details can be found 28 .
1 5 4
The Genome-Wide Association Meta-Analysis (GWAMA) software (https://www.geenivaramu.ee/en/tools/gwama) was used to 1 5 5 perform a meta-analysis combining the results from the UK Biobank, 23andMe, OAI, and JoCo cohorts. GWAS-associated analysis: The FUMA web application was used as the main annotation tool, and a Manhattan plot and a Q-Q 1 5 7 plot were also generated by this 35 . LocusZoom (http://locuszoom.org/) was used to provide regional visualization. FUMA mainly provides 3 types of analysis: the gene analysis, the gene-set analysis and the tissue expression analysis. In gene 1 5 9
analysis, summary statistics of SNPs were aggregated to the level of whole genes to test the associations between genes with the 1 6 0 phenotype. In gene-set analysis, groups of genes sharing certain biological, functional or other characteristics were tested together 1 6 1 to provide insight into the involvement of specific biological pathways or cellular functions in the genetic aetiology of a phenotype.
The tissue expression analysis was based on GTEx (https://www.gtexportal.org/home/), which is integrated into FUMA.
To identify genetic correlations between knee pain and all other 234 complex traits, we used linkage disequilibrium score Those with P values less than 2.1 x 10 -4 (0.05/234) were considered significant surviving Bonferroni correction for multiple testing. and BMI between cases and controls in the UK Biobank samples. We identified 2 SNP clusters that were associated with knee pain, with genome-wide significance (P < 5 x 10 -8 , Fig. 1 , Table II ). Four independent significantly associated SNPs within 2 clusters are shown in the Table II . All significantly associated SNPs 1 8 0 (N=107) in the discovery stage are shown in Supplementary Table I .
The most significantly associated SNP cluster was in the GDF5 gene in the chromosome 20q11.22 region with a P value of 1.32 x 1 8 2 10 -12 for rs143384 (A allele, odds ratio (OR): 0.992). The second most significantly associated cluster was in the LOC105376225 1 8 3 gene (near the COL27A1 gene) in chromosome 9 with a lowest P value of 1.49 x 10 -8 for rs2808772 (A allele, OR: 1.006). The 1 8 4
regional plots for loci in GDF5 and COL27A1 are shown in the Supplementary Fig. 1 and 2 . The Q-Q plot of the GWAS in the discovery stage is shown in the Supplementary Fig. 3 . The SNP-based heritability of knee pain 1 8 6 was 0.08 (standard error = 0.03). 0.36 in the combined OAI and JoCo cohorts. (Table II) 1 9 1
Meta-analysis results (UK Biobank, 23andMe, OAI, JoCo) 1 9 2
In the joint meta-analysis between the discovery and replication cohorts, the meta-analysis P values of all 4 independent and 1 9 3 significant SNPs from 2 loci remained genome-wide significant and increased in significance. The meta-analysis results showed 1 9 4
that the combined P values for rs143384 and rs2808772 were 4.64 x 10 -18 (A allele, OR: 0.9905) and 2.56 x 10 -11 (A allele, 1 9 5
OR:1.007), respectively (Table II) . In the gene analysis, all the SNPs that are located within genes were mapped to 19,436 protein coding genes. GDF5 demonstrated 1 9 8 the most significant association, with a P value of 1.09 x 10 -11 . The 11 associated genes with P values less than 3 x 10 -6 1 9 9
(0.05/19436) were GDF5, UQCC1, CEP250, PODXL, C20orf173, SPAG4, MTMR3, ERGIC3, FBLN2, CPNE1, CDC42SE2. The 2 0 0 results are included in the Supplementary Table II . In the gene-set analysis, a total of 10,894 gene sets were tested. The regulation pathway of breast_cancer_20q11_amplicon 2 0 2 demonstrated a P value of 2.59 x 10 -8 and this was the only gene set with a statistically significant association (P < 5 x 10 -6 2 0 3 (0.05/10,894)). The top 10 gene sets from this analysis are shown in the Supplementary Table III . In the tissue expression analysis, none of the tissue types demonstrated statistically significant associations (P < 0.001), either in 2 0 5 the expression analysis of 30 general tissue types from multiple organs or in the 53 specific tissue types within some of these 2 0 6
organs. See Supplementary Fig. 4 and 5. We identified multiple significant and negative genetic correlations for knee pain with all other traits ( Supplementary Table IV ). The completion (r g = -0.36, P = 6.55 x 10 -6 ), Age of having first baby (r g = -0.30, P = 1.92 x 10 -5 ). In the first reported GWAS of knee pain using the UK Biobank resource, we identified genome-wide significant variants in or near 2 1 4 GDF5 and COL27A1, which were subsequently replicated in osteoarthritis cohorts from the 23andMe, OAI, and JoCo cohorts. In addition, we found that knee pain was genetically and negatively correlated with a number of socioeconomic factors such as years 2 1 6 of schooling and college completion. The generic pain question used by the UK Biobank is useful as a screening tool and a useful step to test whether heterogeneous 2 1 8
pain phenotypes (such as knee pain) have genetic components at all. We have successfully used the same question to identify the 2 1 9
genetic variants of broadly-defined headache, and our findings were similar to those for well-defined migraine phenotypes 30,39 . The 2 2 0 benefit of using UK Biobank on heterogeneous phenotypes will allow researchers to overcome potential issues with reduced power 2 2 1 due to heterogeneity by using very large numbers to cut through the statistical noise. In this GWAS, we have identified 2 loci for knee pain. The top locus was in the GDF5 gene in chromosome20q11.2 with a lowest P 2 2 3 value of 1.32 x 10 -12 for rs143384 while the locus itself was 140kb long spanning from the UQCC1 gene to the GDF5 gene 2 2 4 containing 104 significant SNPs ( Supplementary Table I ). The GDF5 gene encodes a secreted ligand of the transforming growth 2 2 5
factor-beta (TGF-beta) superfamily of proteins 40 . This protein not only regulates the development of numerous tissue and cell types, 2 2 6 but also promotes the maintenance and repair of synovial joint tissues, particularly cartilage and bones 40, 41 . Mutations in the gene 2 2 7
can cause cartilage or bone related disorders such as chondrodysplasia, acromesomelic dysplasia, and brachydactyly, suggesting through genetic studies 17, 27 . Functional studies have suggested that knee morphology is profoundly affected by Gdf5 absence in 2 3 0 mice models, and downstream regulatory sequences mediate its effects by controlling Gdf5 expression in knee tissues 42 . It was 2 3 1 1 7 also suggested that osteoarthritis susceptibility mediated by variants in the GDF5 gene was not restricted to cartilage but joint GDF5 gene with knee osteoarthritis, and we assume that this finding is due to detection of knee pain caused by osteoarthritis, 2 3 5 rather than other pathologies. The second SNP cluster was in the LOC105376225 area (which is next to the COL27A1 gene) in chromosome 6 with a lowest P 2 3 7 value of 1.49 x 10 -8 for rs2808772. There have been no specific studies published about LOC105376225 and its relationship with 2 3 8 knee pain or knee osteoarthritis. However, the neighbouring COL27A1 gene is clearly a good candidate gene. This gene encodes a 2 3 9 member of the fibrillar collagen family, and plays a role during the calcification of cartilage and the transition of cartilage to bone 45 . bone changes such as bilateral hip and radial head dislocations, short stature, characteristic facies, fusion of carpal bones, 2 4 2 scoliosis, pes cavus, and cervical spine anomalies 46 . Further, the gene was reported to be associated with knee osteoarthritis in the 2 4 3 first stage, but did not replicate in the second stage in a recent GWAS study on knee osteoarthritis 28 . Thus, our large study on knee 2 4 4 pain has suggested that the COL27A1 gene might play a role in the knee area. Importantly, polymorphisms in the gene have been 2 4 5 associated with tendinopathy around the ankle joint 47 . The concordance between radiographically defined knee osteoarthritis and therefore likely that many people reporting knee pain have pain that is not bone or cartilage related, but tendon related.
4 8
Our study focused on knee pain as a broad phenotype and the genes that we identified and replicated are suggested to be related 2 4 9
to knee osteoarthritis. This suggests that the phenotype we chose was genetically similar to the phenotype of knee osteoarthritis. The relationship between knee pain and knee osteoarthritis deserves further investigation. Studies have shown that people with 2 5 1 end-stage knee osteoarthritis all presented with knee pain 49 , but this might not be the case for early stage knee osteoarthritis. As 2 5 2 described above, 20% of knee pain was not caused by knee osteoarthritis and only 50% of knee osteoarthritis patients with 2 5 3 radiographic evidence had knee pain symptoms 5 . The gene-analysis by FUMA also supports our finding that GDF5 was the strongest gene for knee pain. The gene-set analysis by A chi-square test was used to test the difference of gender frequency between cases and controls and an independent t test was 4 1 7 used for other covariates. Continuous covariates were presented as mean (standard deviation). 
